Abstract Two endogenous ligands for cannabinoid receptors, anandamide (arachidonylethanolamide) and 2-arachidonoylglycerol, lose their biological activities by enzymatic hydrolysis. A cDNA for a rat liver enzyme hydrolyzing anandamide as well as oleamide was overexpressed in COS-7 cells. When the particulate fraction was allowed to react with 2-arachidonoylglycerol, arachidonic acid was produced. In contrast, this hydrolytic reaction did not occur with the control cells. The hydrolysis of 2-arachidonoylglycerol proceeded about 4-fold faster than the anandamide hydrolysis with a K m value as low as 6 W WM and an optimal pH of 10. Phenylmethylsulfonyl fluoride and methyl arachidonyl fluorophosphonate inhibited the hydrolysis of both anandamide and 2-arachidonoylglycerol in parallel. Furthermore, the hydrolysis of [
Introduction
Cannabinoids exert their various biological e¡ects through membrane-bound speci¢c receptors: the central type (CB1) and the peripheral type (CB2) [1^3] . As an endogenous ligand for these receptors, anandamide (arachidonylethanolamide) was isolated from porcine brain [4] . Later, 2-arachidonoylglycerol (2-AG) was isolated from canine gut [5] and rat brain [6] as another endogenous ligand.
Anandamide loses its biological activity when it is hydrolyzed to arachidonic acid and ethanolamine [7] . The enzyme responsible for the hydrolysis is found in various mammalian organs and cell lines, and is referred to as anandamide amidase or amidohydrolase [7^15] . Recently a cDNA for fatty acid amide hydrolase was cloned from a cDNA library of rat liver by Cravatt et al. [16] . Although this enzyme was originally studied as an amidohydrolase of oleamide as a sleep inducer, a recombinant enzyme overexpressed in COS-7 cells was more active with anandamide than oleamide [16] , suggesting that the enzyme was identical to the previously known anandamide amidohydrolase. We also overexpressed the rat fatty acid amide hydrolase in COS-7 cells, and con¢rmed the higher reactivity of the recombinant enzyme with anandamide than with oleamide [17] . Therefore, in this paper we will refer to the recombinant preparation of`fatty acid amide hydrolase' as`anandamide amidohydrolase'. Furthermore, we found that the enzyme could hydrolyze methyl arachidonate, indicating that the enzyme possessed not only an amidohydrolase activity but also a carboxylesterase activity for long-chain fatty acyl esters [17] . On the basis of this ¢nding, we investigated whether or not the recombinant enzyme hydrolyzed the ester bond of 2-AG, the other cannabimimetic compound, in addition to anandamide.
Materials and methods

Materials
2-AG was kindly provided by Dr. Hiroyuki Iwamura of Japan Tobacco Inc., Central Pharmaceutical Research Institute (Osaka, Japan), and was also purchased from Deva Biotech (Hatboro, PA IR C]Arachidonoyl-sn-glycerol was prepared by the digestion of 1-stearoyl-2-[1-IR C]arachidonyl-sn-glycerol with Rhizopus arrhizus lipase [19] , and was puri¢ed by silica gel thin-layer chromatography (TLC) with a solvent mixture of diethyl ether/petroleum ether/acetic acid (85:15:0.1, v/v). pcDNA3.1(+) vector was obtained from Invitrogen (Carlsbad, CA) and Lipofectamine from Gibco-BRL (Gaithersburg, MD).
Enzyme preparation
COS-7 cells were transfected with pcDNA3.1(+) vector harboring cDNA for rat anandamide amidohydrolase with the aid of Lipofectamine as we described previously [17] . The transfected cells were harvested, and sonicated three times each for 3 s in 20 mM Tris-HCl bu¡er (pH 8.0). The lysate was ultracentrifuged at 267 000Ug for 20 min, and the resultant pellet (particulate fraction) was suspended in 20 mM Tris-HCl bu¡er (pH 8.0). COS-7 cells transfected with the insertfree pcDNA 3.1(+) were used as a control. Protein concentration was determined by the method of Bradford [20] with bovine serum albumin as standard.
Enzyme assay
The particulate fraction of the transfected COS-7 cells was incubated with 2-AG or anandamide dissolved in 10 Wl of dimethyl sulfoxide at 50 WM ¢nal concentration in the presence of 200 Wl of 50 mM Tris-HCl (pH 9.0) at 37³C for 1 min. The reaction was terminated by the addition of 0.5 ml of cold diethyl ether and 20 Wl of 1 N HCl. The ethereal extract (0.2 ml) was dried, and a one-fourth sample was then subjected to reverse-phase high-performance liquid chromatography (HPLC) using a TSK gel column (type ODS-120T, 5 Wm, 4.6U250 mm, Tosoh) equipped with a Waters 600E System Controller. The solvent system was a mixture of methanol/water/acetic acid (90:10:0.01, v/v) at a £ow rate of 1.0 ml/min. Absorption at 205 nm was monitored with a Waters Photodiode Array Detector Model 490. On the basis of peak areas of the substrate (2-AG or anandamide) and the product (free arachidonic acid), the conversion rate was estimated. When standard mixtures of 2-AG and arachidonic acid with di¡erent molar ratios were added to 50 mM Tris-HCl bu¡er (pH 9.0), extracted with diethyl ether, and analyzed by HPLC, the ratios of peak areas for these two compounds were exactly in agreement with their original ratios. Since transesteri¢cation of 2-AG to 1-AG is accelerated by acid or base or heat [21] , we puri¢ed 2-AG before use by straight-phase HPLC using a Waters WPorasil column (3.9U300 mm). The solvent system was a mixture of hexane/2-propanol/acetic acid (95:5:0.1, v/v) at a £ow rate of 2.0 ml/min. More than 93% purity was achieved by this method. The 1-AG preparation (Nu-Chek-Prep) contained around 6% 2-AG as analyzed by our reverse-phase HPLC system, and was used without further puri¢cation.
The enzyme assay was also carried out using TLC. The enzyme was incubated with 50 WM 2-[1-
IR C]arachidonoyl-sn-glycerol (5000 cpm/5 nmol/5 Wl of dimethyl sulfoxide) or 50 WM [arachidonyl-1-IR C]anandamide (10 000 cpm/5 nmol/5 Wl of dimethyl sulfoxide) in 100 Wl of 50 mM Tris-HCl (pH 9.0) at 37³C for 1 min. The reaction was terminated by the addition of 0.3 ml of cold diethyl ether and 10 Wl of 1 N HCl. The ethereal extract was spotted on a Merck silica gel 60 F254 glass plate (10 cm height), which was developed in a mixture of chloroform/methanol/25% ammonium hydroxide (80:20:2, v/v) for 20 min at room temperature. Radioactivity on the plate was scanned with a Fujix BAS2000 bioimaging analyzer.
Results
COS-7 cells were transfected with an eukaryotic expression vector harboring cDNA for rat anandamide amidohydrolase. The particulate fraction of the transfected cells was incubated with anandamide, and the ethereal extract was analyzed by reverse-phase HPLC. When absorption at 205 nm was monitored for double bonds of the arachidonate moiety, a peak of free arachidonic acid was observed in addition to the remaining anandamide (Fig. 1A) . The particulate fraction of the control cells did not produce arachidonic acid (Fig. 1B) . This result con¢rmed the activity of the recombinant enzyme which was previously shown by the TLC assay using radioactive anandamide as a substrate [16, 17] . Furthermore, when the enzyme was allowed to react with 2-AG, arachidonic acid was produced (Fig. 1D) . However, arachidonic acid was not detected with the control cells (Fig. 1E) . Since 2-AG was spontaneously transformed to 1-AG in 50 mM Tris-HCl at pH 9.0 which we used for the enzyme assay, we performed the enzyme reaction only for 1 min. After the 1-min incubation of 2-AG in the bu¡er, the ratio of 2-AG to 1-AG was 93:7 ( Fig.  1F) . We also incubated the enzyme preparation with 2-[1-IR C]arachidonoyl-sn-glycerol, and the radioactive product was separated by TLC. The formation of [
IR C]arachidonic acid was observed with the transfected cells (Fig. 1I ), but not with the control cells (Fig. 1H) . These results indicate that the recombinant preparation of anandamide amidohydrolase catalyzed the hydrolysis of 2-AG.
The rate of 2-AG hydrolysis increased depending on the enzyme amounts ( Fig. 2A ). As examined with 2.5 Wg protein, the speci¢c activity was 1.1 Wmol/min/mg protein at 37³C, which was about 4-fold higher than that of the anandamide hydrolysis by the same enzyme. The reaction rate increased depending on the concentrations of 2-AG, and the K m value for 2-AG was about 6 WM (Fig. 2B) . Under the same assay conditions, the K m for anandamide was also about 6 WM.
We also examined the reactivity of 2-AG with anandamide amidohydrolase partially puri¢ed from the microsomes of porcine liver (the method of enzyme puri¢cation will be published elsewhere by Y. Kurahashi of our department). 2-AG hydrolysis occurred with a speci¢c enzyme activity of 0.34 Wmol/min/mg protein, which was 3.7-fold higher than that with anandamide under the same conditions. Thus, the porcine enzyme also possesses a monoacylglycerol lipase activity although we cannot rule out the contamination of other enzymes hydrolyzing 2-AG.
Previously we demonstrated that anandamide amidohydrolase catalyzed the reverse reaction, namely, the condensation of arachidonic acid and ethanolamine forming anandamide at a rate comparable to that of the anandamide hydrolysis [9, 17] . Therefore, we were interested in the synthesis of monoarachidonoylglycerol in the reverse reaction. However, when the recombinant enzyme was incubated with 200 WM [ IR C]arachidonic acid in the presence of 2 M glycerol, the speci¢c synthase activity was as low as 2 nmol/min/mg protein.
We also compared the pH dependence of the 2-AG hydrolysis with that of the anandamide hydrolysis (Fig. 3) . Anandamide hydrolysis was active at alkaline pH, and the optimum pH was 9.0, consistent with previous reports [9, 22] . 2-AG hydrolysis was also active at alkaline pH, but the highest activity was observed at pH 10.0 rather than pH 9.0. PMSF [7] and MAFP [23, 24] , which were reported previously to inhibit anandamide amidohydrolase, also inhibited the 2-AG hydrolysis dose-dependently with IC SH values of 8 WM and 5 nM, respectively. These IC SH values were similar to those for the anandamide hydrolysis, 7 WM and 4 nM, under the same assay conditions (Fig. 4) . Furthermore, in order to examine the competition between anandamide and 2-AG, we incubated 50 WM [
IR C]2-AG in the presence of various concentrations of non-radioactive anandamide (Fig.  5A) . The result showed that the formation of [
IR C]arachidonic acid decreased with increasing concentrations of anandamide with an IC SH of about 50 WM. Similarly, the hydrolysis of 50 WM [
IR C]anandamide was inhibited by increasing concentrations of non-radioactive 2-AG (Fig. 5B) . These results suggest that anandamide and 2-AG are hydrolyzed by the same enzyme protein.
We also examined the reactivity of anandamide amidohydrolase with other monoacylglycerols and diacylglycerols. 1-AG (speci¢c activity of 1.22 þ 0.11 Wmol/min/mg protein, n = 3) was as active as 2-AG (1.13 þ 0.12). 1-Oleoylglycerol was less active (0.63 þ 0.12). In contrast to monoacylglycerols, diacylglycerols like 1-stearoyl-2-arachidonylglycerol, 1,2-dioleoylglycerol and 1,3-dioleoylglycerol were inactive.
Discussion
Anandamide, an endogenous cannabinoid receptor ligand, has been shown to be hydrolyzed by an enzyme referred to as anandamide amidohydrolase [7^17]. 2-AG, another recently discovered ligand, was thought to lose its biological activities when it is hydrolyzed to arachidonic acid and glycerol by monoacylglycerol lipase [6] . Previously, Bisogno and others considered the possibility that 2-AG was hydrolyzed by anandamide amidohydrolase of N IV TG P cells. However, on the basis of their experimental ¢ndings the authors stated that``the possibility of the existence of a speci¢c lipase for 2-AG hydrolysis, responsible for the physiological inactivation of this putative mediator, should be investigated in future studies'' [25] . Recently, we showed that the hydrolysis of [ IR C]anandamide by rat liver microsomes was dose-dependently inhibited by 2-AG [15] . In the present study we demonstrated that 2-AG was hydrolyzed as well as anandamide by the particulate fraction of COS-7 cells overexpressing rat anandamide amidohydrolase, whereas the control cells transfected with the insert-free vector did not hydrolyze 2-AG. 2-AG was much more active than anandamide when compared at saturating concentrations. The K m value for 2-AG (6 WM) was as low as that for anandamide (6 WM). The 2-AG hydrolysis was similar to the anandamide hydrolysis in terms of pH dependence and inhibitory e¡ects of PMSF and MAFP. Furthermore, 2-AG inhibited competitively the anandamide hydrolysis catalyzed by the enzyme. These results demonstrate that a recombinant anandamide amidohydrolase has a potent monoacylglycerol lipase activity hydrolyzing 2-AG. The 2-AG hydrolase activity was also observed with anandamide amidohydrolase preparations of N IV TG P and RBL-2H3 cells (personal communication from V. Di Marzo).
Recently 1-AG was shown to be as active as 2-AG in terms of cannabimimetic e¡ects like the decrease in cAMP accumulation and the prevention of induction of long-term potentiation [26] . Since 2-AG is easily transformed to 1-AG, a part of 2-AG may act as a cannabinoid receptor ligand after its conversion to 1-AG. Our results show that 1-AG is as good a substrate as 2-AG for anandamide amidohydrolase. Therefore, the enzyme may hydrolyze 2-AG in vivo either as such or after its conversion to 1-AG.
The nature of various lipases responsible for the hydrolysis of monoacylglycerol is not well known [27] . Earlier a monoacylglycerol lipase, distinguished from a hormone-sensitive lipase, was puri¢ed from adipose tissues of rat [28] and chicken [29] . Monoacylglycerol lipase of blood platelets and neutrophils was shown to be involved in the sequential breakdown of 1,2-diacylglycerol, resulting in the release of arachidonic acid from the sn-2 position [30^32]. The enzyme of human platelet microsomes showed a K m value of 12.3 WM for 2-AG, and its optimal pH was 7.0 [33] . Recently, a monoacylglycerol lipase was puri¢ed from human erythrocytes, and its molecular weight was estimated to be 68 kDa [27] . Alternatively, several non-speci¢c carboxylesterases of the liver microsomes were shown to have a monoacylglycerol lipase-like activity [34, 35] . These monoacylglycerol lipases so far reported are distinguishable from anandamide amidohydrolase (63 kDa [16] ) on the basis of their catalytic properties and molecular weights. Thus, 2-AG may be hydrolyzed by a variety of enzymes including anandamide amidohydrolase in vivo. This is in sharp contrast to the fact that only anandamide amidohydrolase is so far known as an enzyme capable of hydrolyzing anandamide.
Cannabinoid receptor was colocalized with the anandamide amidohydrolase activity in various regions of rat brain [8, 10] .
Thus, anandamide amidohydrolase may participate in the inactivation of both anandamide and 2-AG in or near the cells expressing cannabinoid receptors. In terms of the physiological role of the enzyme it should be noted that the amidohydrolase and carboxylesterase activities of the same enzyme are responsible for the hydrolysis and inactivation of two di¡erent types of ligand for cannabinoid receptors.
